Long intergenic noncoding RNAs (lincRNAs) transcribed from intergenic regions of yeast and animal genomes play important roles in key biological processes. Yet, plant lincRNAs remain poorly characterized and how lincRNA biogenesis is regulated is unclear. Using a reproducibility-based bioinformatics strategy to analyze 200 Arabidopsis thaliana transcriptome data sets, we identified 13,230 intergenic transcripts of which 6480 can be classified as lincRNAs. Expression of 2708 lincRNAs was detected by RNA sequencing experiments. Transcriptome profiling by custom microarrays revealed that the majority of these lincRNAs are expressed at a level between those of mRNAs and precursors of miRNAs. A subset of lincRNA genes shows organ-specific expression, whereas others are responsive to biotic and/or abiotic stresses. Further analysis of transcriptome data in 11 mutants uncovered SERRATE, CAP BINDING PROTEIN20 (CBP20), and CBP80 as regulators of lincRNA expression and biogenesis. RT-PCR experiments confirmed these three proteins are also needed for splicing of a small group of introncontaining lincRNAs.
INTRODUCTION
Recent advances in DNA sequencing technology and transcriptome analysis have challenged the traditional view that protein coding genes are the only effectors of gene function. Noncoding RNAs (ncRNAs) have emerged as major products of the eukaryotic transcriptome with regulatory importance (Laporte et al., 2007; Rymarquis et al., 2008; Guttman et al., 2009; Fabbri and Calin, 2010; Zhang et al., 2010) . Based on their characteristics, which are distinct from those of housekeeping ncRNAs, including rRNAs, tRNAs, and small nucleolar RNAs, ncRNAs can be classified as (1) small RNAs, including microRNAs (miRNAs) and small interfering RNAs (siRNAs); (2) natural antisense transcripts (NATs); (3) long intronic noncoding RNAs; and (4) long intergenic noncoding RNAs (lincRNAs). Genomewide computational analysis has largely been performed on small RNAs owing to their ease of cloning. Previous genomewide analyses have identified more than 2000 cis-and transNATs in Arabidopsis (Wang et al., 2005; Wang et al., 2006) , but these are mainly mRNAs. Some lincRNAs, such as INDUCED BY PHOSPHATE STARVATION1 (IPS1) and AT4, are known to function as target mimics of miRNAs (Shin et al., 2006; FrancoZorrilla et al., 2007) . COLDAIR, a long intronic ncRNA, has recently been implicated in the epigenetic repression of FLC during vernalization (Heo and Sung, 2011) .
lincRNAs have been described in yeast as well as higher eukaryotes (Bumgarner et al., 2009; Khalil et al., 2009; Ulitsky et al., 2011) , and genome-wide analysis has uncovered more than 8000 lincRNA genes in the human genome (Khalil et al., 2009; Chen and Carmichael, 2010; Cabili et al., 2011) . Mammalian lincRNAs are suggested to be transcribed by RNA polymerase II and processed by both 59-capping and 39 poly(A) addition (Guttman et al., 2009) , and many contain introns (Managadze et al., 2011; Ulitsky et al., 2011) . lincRNAs are expressed in a tissue-specific manner, and many lincRNA genes are regulated by stress (Dinger et al., 2008; Cabili et al., 2011) . Moreover, ;20% of the 3300 lincRNAs in human cells are associated with polycomb repressor complex 2 (Hekimoglu and Ringrose, 2009) . Emerging evidence supports the view that lincRNAs play important roles in many fundamental biological processes (Hekimoglu and Ringrose, 2009; Chen and Carmichael, 2010; Tsai et al., 2010 ; K.C. Wang et al., 2011; Cabianca et al., 2012) . Consistent with this view, knockdown of a group of lincRNAs in mouse embryonic stem cells disrupted pluripotency and/or altered expression levels of differentiation markers (Guttman et al., 2011) . In addition, genetic mutations of human lincRNAs have been associated with diseases and pathophysiological conditions (Gupta et al., 2010; Hu et al., 2011; Zhu et al., 2011; Cabianca et al., 2012) .
In plants, systematic searches for ncRNAs have been conducted in Arabidopsis thaliana (MacIntosh et al., 2001; Marker et al., 2002; Rymarquis et al., 2008; Song et al., 2009; Jouannet and Crespi, 2011) and Medicago truncatula (Wen et al., 2007) . However, lincRNAs have not yet been identified and investigated on a genome scale. Genome-wide bioinformatics analysis based on full-length cDNA databases identified 76 Arabidopsis non-protein-coding RNAs; 14 of these RNAs are NATs and six are associated with small RNAs (Hirsch et al., 2006; Ben Amor et al., 2009) . The Arabidopsis Information Resource (TAIR) version 9 annotated 350 transcripts as "the other RNAs," many of which are transcribed from intergenic regions. Like the group of 76 nonprotein-coding RNAs, the 350 "other RNAs" comprise NATs, small RNA-related transcripts, and potential lincRNAs, as well as some transcripts of high protein-coding potential. Another analysis of tiling arrays uncovered a large number of transcripts derived from intergenic regions of the Arabidopsis genome (Matsui et al., 2008) . With increasing evidence implicating important biological roles of lincRNAs in animal cells (Barsotti and Prives, 2010; Qureshi et al., 2010) , a comprehensive genome-wide analysis of plant lincRNA is warranted.
Here, we performed an integrative analysis of 200 Arabidopsis tiling array data sets using a specifically designed bioinformatics strategy and identified a total of 13,230 intergenic transcription units (TUs). Among these, 6480 TUs encoded transcripts unrelated to repeat sequences, and these transcripts were identified as lincRNAs. Moreover, we sequenced RNAs derived from four different organ samples by RNA sequencing (RNA-seq) and identified 2708 intergenic TUs encoding lincRNAs. To further validate and investigate the newly identified lincRNAs, we used a custom long-oligonucleotide expression array (ATH lincRNA v1 array) to profile lincRNA expression in various organs of wildtype plants, wild-type samples in response to environmental treatments, and Arabidopsis mutant plants (Figure 1 ). We also profiled expression changes of lincRNAs by reanalysis of tiling array data sets in 11 Arabidopsis mutants. Finally, we found a subgroup of lincRNAs was coregulated by CAP BINDING PROTEIN20 (CBP20), CBP80, and SERRATE (SE).
RESULTS

Previously Characterized lincRNAs in Arabidopsis
By analysis of Arabidopsis EST and tiling array data sets, several groups have identified thousands of ncRNAs (MacIntosh et al., 2001; Marker et al., 2002; Rymarquis et al., 2008; Song et al., 2009; Jouannet and Crespi, 2011) . However, the majority of the reported ncRNAs are NATs (Matsui et al., 2008; Okamoto et al., 2010) , and it is unclear how many of these are indeed transcribed from intergenic regions. Therefore, as a first step, we reanalyzed these ncRNAs in an attempt to identify bona fide lincRNAs. In general, all intergenic transcripts could be considered as potential lincRNAs; however, some of them may also be related to other types of transcripts, such as truncated mRNAs, by-products of protein-coding genes, expressed repeats, or other ncRNAs, all of which are functionally distinct from lincRNAs (Zhang et al., 2010) . Such transcripts may confound the analysis of bona fide lincRNAs. Therefore, to facilitate further investigation of lincRNAs, we used the following criteria to provide a strict definition for lincRNAs: (1) The transcript length must by $200 nucleotides; (2) the transcript must contain no open reading frame (ORF) encoding >100 amino acids; (3) TUs encoding lincRNAs must be located at least 500 bp away from any known proteincoding genes and genes for housekeeping ncRNAs; and (4) the TUs must not encode any transposable elements (TEs) and must not overlap with those encoding NATs. Other than the lincRNA genes, the remaining intergenic TUs were classified into the following groups (see Methods): TUs for NATs; TUs overlapping with TEs and/or repeats, called repeat-containing transcription units (RCTUs); gene-associated transcription units (GATUs); TUs encoding transcripts with long ORFs suggesting novel protein-coding genes, also named transcription units of unknown coding potential (TUCPs) (Cabili et al., 2011) ; and other intergenic transcription units (OITUs).
The TAIR9 version of the Arabidopsis genome annotated 350 transcripts as "other RNAs." Applying our criteria for lincRNAs, we found only 36 transcripts could be considered as lincRNAs. Supplemental Data Set 1 online lists the reclassification details of the 350 "other RNAs." We also searched for lincRNAs by reanalysis of 1,045,472 cDNA and/or EST sequences and identified 36 new lincRNAs (see Supplemental Data Set 2 online). Moreover, two studies of tiling array analysis based on the ARTADE algorithm provided transcriptional evidence for 6105 and 7719 ncRNAs in seed and seedling samples, respectively (Toyoda and Shinozaki, 2005; Matsui et al., 2008; Okamoto et al., 2010) . After having updated their genomic loci into TAIR9, we found the majority of these ncRNAs were NATs and/or repeats, and only 32 and 61 ncRNAs in seed and seedling samples, respectively, could be considered as lincRNAs (see Supplemental Data Sets 3 and 4 online).
The reanalysis and reclassification of previously reported ncRNAs confirmed the existence of lincRNAs in Arabidopsis. However, the total number of lincRNAs (<200) was still far below the number of reported lincRNAs (550 to ;8000) in animals (Guttman et al., 2009 (Guttman et al., , 2010 Khalil et al., 2009; Cabili et al., 2011; Ulitsky et al., 2011; Pauli et al., 2012) . Assuming that a large number of lincRNAs may still remain undiscovered in Arabidopsis, we developed a bioinformatics strategy to identify lincRNAs on a genome-wide basis.
A New Approach for lincRNAs Identification Based on Tiling Array Analysis
During the past decade, hundreds of tiling array data sets have been deposited in public databases. In principle, it should be possible to use hybridization data sets derived from tiling arrays to identify any lincRNAs transcribed from intergenic regions. However, the application of this approach for lincRNA analysis is complicated by the low signal-to-noise ratio, thereby generating unacceptable levels of false positives and false negatives. For example, many lincRNAs are expressed at low levels and their expression becomes detectable only in a few tissues, mutants, and/or in plants subjected to certain treatments (Matsui et al., 2008) . To avoid the inclusion of false negatives, we analyzed as many high-quality tiling array data sets as were available, and to avoid the inclusion of false positives, we required reproducible detection of each putative lincRNA in at least three data sets. We argued that systemic noise would appear in a random fashion, whereas bona fide lincRNAs should be reproducibly detected in a certain number of tiling array data sets (see Methods). We referred to this strategy as reproducibility-based tiling array analysis strategy (RepTAS).
We analyzed 200 tiling array data sets comprising 100 ATH 1.0F arrays and 100 ATH 1.0R arrays (see Supplemental Data Set 5 online). These data sets were derived from tiling array experiments of 14 Arabidopsis mutants, 18 different stress treatments, and six different organs/tissues. All arrays were hybridized with labeled RNAs based on poly(A) selection. Using RepTAS, we identified 13,230 TUs in intergenic regions based on TAIR9 genome annotation (see Supplemental Data Set 6 online). Applying our criteria for bona fide lincRNA genes, we found 6728 RCTUs, 22 TUCPs, and 6480 TUs encoding lincRNAs (see Supplemental Data Set 6 online). We also found that the frequency distribution of the relative repeat-overlapping length of RCTUs displayed two peaks (see Supplemental Figure 1 and Supplemental Data Set 7 online), suggesting two independent Gaussian distributions. More than 49% RCTUs showed complete overlapping sequences with those of TEs or repeats (see Supplemental Figure 1 online, right peak). It is possible that some of the RCTU-encoding transcripts with partial sequence overlap with repeat sequences may still function as lincRNAs. To be conservative, we focused on only the 6480 strictly defined lincRNAs for further analysis.
The lincRNAs were ;200 to 1000 nucleotides in length with the majority having a length centering around 200 to 300 nucleotides (see Supplemental Figure 2 online). Figure 2A shows >95% of the lincRNAs were reproducibly detected on >35% of the tiling arrays. By contrast, 85-to 140-nucleotide signal peaks or partial transcripts that were not reproducibly detected may constitute false positive detection by tiling array probes or background noises. Probes on ATH 1.0F arrays and 100 ATH 1.0R arrays were selected to avoid cross-hybridization due to partial sequence similarity between transcripts (Naouar et al., 2009) . However, signals detected by tiling array may still potentially arise from cross-hybridization (Müller et al., 2012) . To address this issue, we used BLAST to compare each sequence of the 6480 lincRNAs against sequences of the remaining 6479 lincRNAs and of the mRNAs annotated by TAIR9. We found only 365 lincRNAs (;6%) shared more than 100 nucleotides of homologous sequences with other transcripts. By analysis of tiling array data sets (Matsui et al., 2008) , we compared the 365 lincRNAs and those transcripts with homologous sequences and found no significant correlation in their expression levels (Pearson correlation coefficient [PCC] = 0.11, P value > 0.26; see Supplemental Figure 3 online). These results strongly suggest that the lincRNAs detected by the RepTAS constitute a distinct group rather than a result of cross-hybridization signals.
Transcriptome Detection of lincRNAs by Custom Array
To verify expression of the identified lincRNAs and to facilitate data analysis, we designed a custom 60-mer long-oligonucleotide expression array. A similar approach was used to detect lincRNAs in mouse and human where the authors designed probes for 350 randomly selected intergenic regions (Guttman et al., 2009) . Applying this strategy with some modifications, we selected a group of representative lincRNAs and other intergenic transcripts based on RepTAS (see Methods). The final array, named the ATH lincRNA v1 array, included probes for 3718 lincRNAs, 833 RCTU-derived transcripts, 45 GATU-derived transcripts, 173 precursors of miRNAs (pri-miRNAs), and 90 well-characterized mRNAs (see Supplemental Data Set 8 online). The array design and data were submitted to the Gene Expression Omnibus (GEO) database under accession numbers GPL13750 and GPL13751.
Nine ATH lincRNA v1 arrays (hereafter referred to as custom arrays) were hybridized with RNAs from Arabidopsis flowers, leaves, and roots, each with three biological replicates. Quality control analysis of the custom arrays showed the signal intensities of the spike-in probes were highly correlated with their RNA concentrations (see Supplemental Figure 4 online; PCC > 0.99). We used two criteria to identify detectable lincRNAs in each sample: (1) the signal intensity of lincRNA must be higher than the average signal intensity of the first two spike-in probes, which corresponded to an RNA concentration of ;0.0022 fg/mL (see Supplemental Figure 4 online); (2) P values of the MannWhitney U test between signal intensities of lincRNAs and those of negative control probes must be lower than 0.001. Based on the cutoff values, 60 to ;80% lincRNAs could be detected in each organ, and >92% lincRNAs were detectable in at least two custom arrays (see Supplemental Figure 5 online).
Identification and Verification of lincRNA by RNA Sequencing
Other than tiling arrays and microarrays, high-throughput RNA sequencing (RNA-seq) has been used for transcriptome profiling and lincRNA identification (Cabili et al., 2011; Ulitsky et al., 2011; Young et al., 2012) . To verify and identify lincRNAs, we subjected four RNA libraries derived from roots, leaves, flowers, and siliques to RNA-seq. Each RNA library yielded 223 to 250 million 101-bp single-end sequences (235 million on average). The total number of sequencing reads approaching 1 billion was comparable to or even higher than those reported by several RNAseq studies in other species (Guttman et al., 2009 (Guttman et al., , 2010 Khalil (Cabili et al., 2011) . (C) Expression levels of lincRNAs, pri-miRNAs, and mRNAs in two independent flower samples detected by ATH lincRNA v1 arrays. The x axis and y axis give log 2 values of signal intensity detected in two biological replicates. Blue solid circles, lincRNAs; green squares, mRNAs; red triangles, primiRNAs; and gray solid circles, lincRNAs with signal intensities below the background value. Shadow shows the range of twofold change in signal intensity of each transcript. (D) Accumulative distribution of lincRNA, pri-miRNA, and mRNA expression levels detected by ATH lincRNA v1 arrays. Green, mRNAs; red, lincRNAs; blue, pri-miRNAs; and brown, negative control probes. Average signal values of two independent flower samples are given. Ulitsky et al., 2011; Pauli et al., 2012) . We aligned RNA sequences to TAIR9 using Tophat and SAMtools (Trapnell et al., 2009) . We found that 4796 (36%) of 13,230 intergenic TUs, including 2708 (42%) of 6480 lincRNA genes, have RNA-seq sequences (see Supplemental Data Set 9 online). The mapped sequences were then assembled into transcripts using Cufflinks and Cuffcompare (Trapnell et al., 2009; Cabili et al., 2011; Trapnell et al., 2012) , yielding 30,199 to ;30,650 transcripts in each organ (see Supplemental Data Set 10 online). Of these, 29,194 to ;29,895 transcripts (;97%) mapped to the genomic regions of annotated Arabidopsis genes (see Supplemental Data Set 10 online). The remaining transcripts derived from intergenic regions were merged into 1340 transcripts using Cuffcompare (Cabili et al., 2011; Trapnell et al., 2012) . Applying our criteria for lincRNAs, these intergenic transcripts could be classified into transcripts encoded by 678 RCTUs, 370 GATUs, seven TUCPs, seven OITUs, and 278 lincRNA genes (see Supplemental Data Set 11 online). The number of intergenic transcripts we identified by RNA-seq was much higher than that obtained by reclassification of previously reported ncRNAs (Table 1) . Analysis of lincRNA abundance obtained from the two different platforms showed that the fragments per kilobase of exon per million fragments mapped were highly correlated with the signal intensities detected by custom arrays ( Figure 2B ; PCC = 0.79 and P value < 1.1e 205 ). In addition, 15 lincRNAs detected by custom arrays and/or RNA-seq were verified using quantitative RT-PCR (qRT-PCR; see Supplemental Data Set 12 online). Taken together, our results indicate the high reproducibility and reliability of transcriptome analysis profiled by the two platforms and also provide evidence that many lincRNAs are bona fide transcripts.
Design of an Identifier System of Arabidopsis lincRNAs
Compared with lincRNAs previously identified by multiple platforms, 14 of the 36 lincRNAs derived from analysis of the EST data set (see Supplemental Data Set 13A online), 26 of the 32 lincRNAs and 39 of the 60 lincRNAs from two different tilling array data sets (see Supplemental Data Sets 13B and 13C online), and 167 of the 278 lincRNAs from our RNA-seq data sets were also detected by the RepTAS (see Supplemental Data Set 13D online). These results show that most previously identified lincRNAs (collectively 60%) can also be recovered by our new bioinformatics strategy. Moreover, >98% lincRNAs identified by RepTAS and RNA-seq in this study are novel transcripts in Arabidopsis (see Supplemental Data Set 13 online).
To provide an integrated and unified list for Arabidopsis lincRNAs, we developed an identifier system to annotate all the lincRNAs. For convenience, we used the nomenclature "ATxNCxxxxxx," which is similar to the current TAIR identifier "ATxGxxxxxx," except with the change of G to NC denoting ncRNA.
About 41% of the lincRNAs in human and mouse contain introns (Managadze et al., 2011) . Among the 36 Arabidopsis lincRNAs annotated in TAIR9, 18 lincRNAs have introns (see Supplemental Data Set 14A online). Using SplicePort with Arabidopsis-specific parameters to scan for possible intron-exon splicing sites on lincRNAs (Dogan et al., 2007) , we predicted full intron features with both conserved splicing donor and acceptor motifs on 595 lincRNAs and partial intron features on 1295 lincRNAs (see Supplemental Data Set 14B online).
Many different types of noncoding transcripts have been reported to be associated with promoter regions or to be derived from sequences close to the transcription start site of genes (Davis and Ares, 2006; Parkhomchuk et al., 2009; Zhao et al., 2010) . Theoretically, TUs for some of these transcripts may also appear in the intergenic regions. Considering their genomic relationship with protein-coding genes, the promoter-associated TUs are preferentially located at the terminal portions of the intergenic region or more randomly positioned when the intergenic regions where they are located are short. Using TAIR9, we found that the length of lincRNA-encoding intergenic regions was comparatively longer than that of the average intergenic region of the whole genome (see Supplemental Figure 6A online), and TUs encoding lincRNA were preferentially located in the central part of intergenic regions (see Supplemental Figure  6B online). These results suggest that the identified lincRNAs are distinct from promoter-associated transcripts.
After aligning Arabidopsis lincRNA sequences with the genomic sequences of six other plant species, we found <2% lincRNAs displayed significant evolutionary conservation (see Supplemental Figure 7 online). Twenty-nine (;5%) of the 550 zebra fish lincRNAs and 4.1 to 5.5% of the 3122 mouse lincRNAs were evolutionally conserved as measured by alignment of primary sequences, suggesting a rapid sequence evolution of lincRNAs (Ponjavic et al., 2007; Marques and Ponting, 2009; Ulitsky et al., 2011) . Other studies, which used more comprehensive evolutionary analytical methods, reported a higher conservation rate (;11%) of lincRNAs in mouse (Guttman et al., 2009; Chodroff et al., 2010) . The low level of evolutionary conservation of Arabidopsis lincRNA in primary sequence is consistent with that previously reported in mammals. 
The Majority of lincRNAs Are Expressed at Levels between Those of mRNAs and pri-miRNAs
We found that lincRNAs were expressed at levels higher than those of pri-miRNAs but lower than those of mRNAs as shown by scatterplots ( Figure 2C ), accumulative frequency of detection ( Figure 2D ), and distribution of expression levels in different organs (see Supplemental Figure 8 online). To confirm this finding, we analyzed nine tiling array data sets obtained from different experiments performed by various groups (Laubinger et al., 2008 (Laubinger et al., , 2010 Zeller et al., 2009) . Again, similar expression patterns appeared in all nine independent experiments that used various tissues and different stress treatments (see Supplemental Figure 9 online). We concluded that a general feature of Arabidopsis lincRNAs is that the majority of them are expressed ;30-to ;60-fold lower than mRNA levels (see Supplemental Figures  8D to 8F online). Similar expression patterns were observed with mammalian lincRNAs (Khalil et al., 2009 ). These results suggest that lincRNAs may differ from mRNAs in their biogenesis, processing, and/or stability. Moreover, the relatively low expression level explains why only a few hundred lincRNAs have been identified based on cDNA and EST libraries.
lincRNAs Display Organ Preferential Expression
To identify lincRNAs with possible organ preferential expression, we analyzed the nine custom array data sets of flowers, leaves, and roots. Measuring differential expression of lincRNAs by empirical Bayes analysis of variance (P value of eBays ANOVA < 0.01) with a cutoff of twofold change of signal intensity (Smyth, 2004) , we identified 1208 (32%) organ preferential lincRNAs from a total of 3718 lincRNAs represented on the customs arrays (see Supplemental Data Set 8B online). This group included 212 lincRNAs preferentially expressed in flowers, 362 in leaves, and 272 in roots ( Figure 3A) ; note that a group of lincRNAs was preferentially expressed in two organs compared with the third organ ( Figure 3A ; see Supplemental Data Set 8B online). The expression changes of lincRNAs were reproducibly detected in three biological replicates (see Supplemental Figure 10 online). We also profiled lincRNA expression using RNA-seq and found 79 organ preferential lincRNAs from 278 assembled lincRNAs (see Supplemental Data Set 11A online). Finally, the organ preferential expression patterns of 15 representative lincRNAs were validated by qRT-PCR (see Supplemental Data Set 12 online). Figure 3B shows three typical examples of differentially expressed lincRNAs.
Stress-Responsive lincRNAs
We analyzed the expression profile of lincRNAs in published tiling array data sets derived from stress treatments (Matsui et al., 2008) and detected 1832 lincRNAs that were significantly altered after 2 h and/or 10 h of drought, cold, high-salt, and/or abscisic acid (ABA) treatments (see Supplemental Figure 11 and Supplemental Data Set 15 online). We also investigated the expression of four representative lincRNAs by qRT-PCR (see Supplemental Figure 12 online). All of the four lincRNAs showed similar induction pattern during drought stress or ABA treatment. When this analysis was extended to several additional treatments, we found that heat shock did not elevate levels of these lincRNAs. However, treatment by elf18 (EF-Tu), which triggers pathogen-associated molecular pattern responses (Kunze et al., 2004) , increased At5NC056820 expression level by 22-fold compared with the control level ( Figures 3D and 3E ).
The Majority of lincRNAs Are Not Associated with Small RNAs
To explore whether some lincRNAs may act as precursors of miRNAs and/or siRNAs, we aligned our published collection of small RNA sequences to lincRNAs. The small RNA data sets were derived from wild-type (Columbia-0 [Col-0]), AGO1, and AGO4 immunoprecipitation samples in flowers, leaves, roots, and seedlings (H. Wang et al., 2011) . Only 163 (2.5%) out of 6516 lincRNAs (6480 identified by RepTAS and 36 by reanalysis of TAIR9 other RNAs) had related small RNAs (see Supplemental Data Set 16 online). In this group, 24 lincRNAs mainly generated 19-to ;22-nucleotide small RNAs that were more likely to be associated with AGO1 and 129 produced 24-nucleotide small RNAs that were mainly associated with AGO4. Our results suggest that the majority of lincRNAs are processed by small RNA-independent pathways.
SE, CBP20, and CBP80 Regulate lincRNA Biogenesis
Accumulative frequency analysis has been widely used to compare expression levels or evolutionary conservation of different transcript categories (Guttman et al., 2009 (Guttman et al., , 2010 . This approach compares global changes in expression levels between transcript groups. To investigate possible regulators involved in lincRNA biogenesis and processing, we applied this approach to analyze lincRNA expression levels as well as those of pri-miRNAs and mRNAs in tiling array data sets derived from three different organs and 11 mutant samples. These mutants were se-1, se-3, abh1-1/ cbp80-285, cbp20-1, upf1-1, upf3-1, dcl1-100, dcl2,3,4, ago1-25, hyl1-2, and ein5-6 Laubinger et al., 2008 Laubinger et al., , 2010 Kurihara et al., 2009a Kurihara et al., , 2009b . Supplemental Figures 13 and 14 online compare accumulative frequency distributions of expression levels of lincRNAs, pri-miRNAs, and mRNAs between the wild type and each of the mutants. In all cases, lincRNA expression levels were lower than those of mRNAs but slightly higher than those of pri-miRNAs. Figure 4A summarizes expression patterns of the three transcript categories in these samples. Among the mutants, ein5-6 (xrn4) is defective in a 59-39 exonuclease , whereas ufp1-1 and upf3-1 are deficient in non-sense-mediated decay of transcripts (Kurihara et al., 2009b) . As expected, these three mutants did not show any global expression level changes in all the three transcript categories ( Figure 4A ; see Supplemental Figure 13 online). The NMD mutants, upf1-1 and upf3-1, are known to accumulate aberrant transcripts (Kurihara et al., 2012) , which must be clearly distinct from lincRNAs since the latter did not accumulate in these two mutants ( Figure 4A ; see Supplemental Figure 13 online).
We next analyzed the tiling array data sets related to dcl1-100, dcl2,3,4 triple mutant, hyl1-2, and ago1-25. Pri-miRNA expression levels were higher in dcl1-100 and hyl1-2 compared with the wild type, but no changes were seen in dcl,2,3,4 and ago1-25 ( Figure  4A ; see Supplemental Figure 13 online). These results are consistent with the role of DCL1 and HYL1 but not DCL2, 3, and 4 in pri-miRNA processing (Laubinger et al., 2010) . A deficiency of DCL1 and HYL1 would lead to an accumulation of miRNA precursors (Laubinger et al., 2010 ). However, dcl1-100, hyl1-2, and ago1-25 did not show any global changes in lincRNA expression levels, suggesting that DCL1, HYL1, and AGO1 do not play a prominent role in lincRNA biogenesis and processing ( Figures  4C and 4F ; see Supplemental Figure 13 online).
SE is known to have multiple functions. This protein cooperates with HYL1 and DCL1 to process pri-miRNA (Yang et al., 2006) , and along with ABH1/CBP80 and CBP20, it is required for mRNA and pri-miRNA splicing (Laubinger et al., 2008) . The SEmediated splicing event is believed to prevent generation of related siRNAs to trigger posttranscriptional gene silencing . In addition, SE may also act as a transcription mediator (Voisin et al., 2009) . By analysis of public tiling array data sets, we found that se-1, se-3, cbp20-1, and cbp80-285 indeed accumulated higher levels of pri-miRNAs compared with the wild type (see Supplemental Figure 14 online), confirming previous results (Laubinger et al., 2008) . Moreover, we found a global increase of lincRNA expression levels in these four mutants (see Supplemental Figure 14 online) with the following order of severity: cbp20, se-3, se-1, and cbp80. The expression levels of 189 lincRNAs were upregulated (P value of Mann-Whitney U test < 0.05) in at least one of the three mutants (see Supplemental Figure 15 online). Note that around 50% of these lincRNAs showed elevated expression levels in all the three mutants (see Supplemental Figure 15 online). This result suggests that a group of lincRNAs are coregulated by SE, CBP20, and CBP80.
To further investigate lincRNA regulation by SE, CBP20, and CBP80, we used our custom arrays to detect lincRNA expression in se-2 and cbp20,80 double mutants, which have more severe phenotypes (Grigg et al., 2005) . We found the expression levels of 750 lincRNAs (20%) out of the 3718 lincRNAs with probes on custom array were significantly changed in the two mutants (Figures 4B and 4C ; P value of eBays ANOVA < 0.05 and fold change of signal intensity $ 2). This group included 427 co-upregulated and 323 co-downregulated lincRNAs (see Supplemental Data Set 17 online). Supplemental Data Set 18 online shows qRT-PCR verification of expression levels of 10 lincRNAs in the wild type, se-2, cbp20-1, cbp80-285, and cbp20,80 as well as hyl1-2 as a negative control. We also found a larger number and proportion of lincRNAs coregulated by SE and CBPs compared with those obtained from analysis of previous tiling array data. This difference may be attributed to the different severity of the mutant alleles used and the increased sensitivity of our custom arrays. Together, our results provide evidence that a group of lincRNAs are coregulated by SE, CBP20, and CBP80.
In a genome-wide study, Laubinger et al. (2008) detected 140 intron retention events (0.5%) out of 30,615 introns of pri-miRNAs and mRNAs in se, cbp20, and cbp80. Of the 36 lincRNAs annotated in TAIR9 as "other RNAs," four were co-upregulated by SE and CBPs and at least three lincRNAs contained introns (see Supplemental Data Set 14C online). If SE, CBP20, and CBP80 indeed regulate lincRNA splicing, we would expect accumulation of unspliced lincRNAs among mutants deficient in one of these three proteins ( Figure 4D ). RT-PCR experiments detected two intron retention events in two annotated lincRNA in se-2, cbp20-1, cbp80-285, and cbp20,80 double mutants ( Figure 4E ). As a negative control, the intron retention events were not detected in the hyl1-2 mutant. These results confirm that SE, CBP20, and CBP80 indeed regulate intron splicing of some lincRNAs, similar to their regulation of mRNAs and pri-miRNAs (Laubinger et al., 2008) .
Summary of Expression Evidence of lincRNAs
Here, we used RepTAS to predict 6480 lincRNAs in the Arabidopsis genome. Because transcripts of 2708 (;42% out of 6480) lincRNAs were directly detected by RNA-seq (see Supplemental Data Set 19 online), this lincRNA group has the most solid experimental support. Of the remaining 3772 lincRNAs, expression levels of 1629 (25% out of 6480) lincRNAs showed significant expression changes in different organs under various stress treatments and/ or in se and cbp20/80 mutants (see Supplemental Data Set 19 online). The expression specificity of these lincRNAs argues that they are not products of random transcription noise and suggest they have biological functions. The remaining 2143 lincRNAs, which were detected as hybridization signals on tiling arrays, could be considered as putative lincRNAs.
DISCUSSION Multiple Technical Platforms Confirmed lincRNAs as Bona Fide Transcripts
Reproducible detection of lincRNAs in tiling arrays, custom arrays, and RNA-seq as well as by qRT-PCR provides strong (E) Two intron retention events in two lincRNAs (AT2G07042 and AT4G23205) detected by RT-PCR in se, cbp20, cbp80, and the cbp20/80 double mutant. We used hyl1-2 as a negative control of splicing regulated by SE, CBP20, and CBP80. The AT1G13880 is an mRNA previously shown to be regulated by SE, CBP20, and CBP80 (Laubinger et al., 2008) ; this served as a positive control. RT-PCR products were verified by sequencing. gDNA, genomic DNA. evidence that they are bona fide transcripts rather than random products of transcriptional noise. Significant changes observed with many lincRNAs in different organs or during stress treatments suggest they are dynamically regulated. Moreover, specifically expressed lincRNAs are likely functional in development as well as in various stress responses. Further work will be directed toward addressing functions of selected lincRNAs using molecular techniques.
RepTAS Is an Effective Strategy to Identify lincRNAs
Fourteen out of the 36 lincRNAs identified by analysis of EST data sets were detected by RepTAS and included in our list (see Supplemental Data Set 13A online). Of the 32 and 60 lincRNAs identified by two different tiling array experiments Matsui et al., 2008; Okamoto et al., 2010) , 26 and 39, respectively, were detected by our analysis (see Supplemental Data Sets 13B and 13C online). This result confirmed the reliability of our bioinformatics approach for lincRNA identification. On the other hand, two reasons may account for the observation that some previously identified lincRNAs escaped detection by RepTAS. (1) The expression level of some lincRNAs may be too low to be reproducibly detected; and (2) some lincRNAs may be only expressed under certain specific conditions or in some mutants. These lincRNAs may be scored as false positive signals in our RepTAS analysis.
Another platform for genome-wide lincRNA identification is RNA-seq. Here, we collected an Arabidopsis RNA-seq data set of ;1 billion sequences and identified 2708 lincRNAs. In zebra fish, mouse, and human, 567, 1457, and 8195 intergenic transcripts were identified from RNA-seq data sets consisting of ;135, ;152 million and ;4 billion sequences, respectively (Guttman et al., 2010; Cabili et al., 2011; Ulitsky et al., 2011) . The number of lincRNAs identified by RNA-seq largely depends on the depth of sequencing and the variety of samples used (Cabili et al., 2011) . The number of identified lincRNAs in this study is comparable with the number of lincRNAs reported in human (Cabili et al., 2011) . Our study provides an alternative and robust strategy for lincRNA identification and uncovers thousands of lincRNAs in Arabidopsis for future functional exploration.
Biogenesis and Regulation of lincRNA
Although thousands of lincRNAs have been identified in yeast and mammals, little is known about proteins that can specifically regulate lincRNA transcription, processing, and maturation. Here, we identified SE, CBP20, and CBP80 as major regulators of Arabidopsis lincRNA biogenesis, but the precise mechanism remains to be elucidated. CBP80 and CBP20 are conserved in all eukaryotes and mice and encode a protein called ARS2 that is homologous to the Arabidopsis SE (Gruber et al., 2009 ) Moreover, like SE, ARS2 also forms a complex with CBP80 (Gruber et al., 2009) . In view of our results, it would not be surprising if lincRNA expression in these organisms is also regulated by ARS2, CBP20, and CBP80.
Although a large number of lincRNAs were upregulated in se and cbp20,80 mutants, in Arabidopsis, only 96 lincRNAs carried introns or predicted introns (see Supplemental Data Sets 14 and 17 online). This observation suggests that many non-introncarrying lincRNAs can be also regulated by SE and CBPs. In addition, 415 lincRNAs were downregulated in se and cbp20,80 mutants, suggesting SE and/or CBPs may function as positive regulators of these lincRNAs.
In summary, we identified 6480 Arabidopsis lincRNAs by a bioinformatics approach and directly profiled 3718 lincRNAs by arrays and obtained RNA-seq evidence for 2708 lincRNAs. Our current data set provides a solid and excellent platform for future exploration of Arabidopsis lincRNA regulation and function. In mice, more than 660 lincRNAs are physically associated with polycomb repressive complexes (Khalil et al., 2009) , and lincRNAs are known to interact with chromatin proteins to positively or negatively regulate expression of neighboring genes (K.C. Wang et al., 2011) .
The cis-function model may also operate in plants as has been recently reported with an intronic ncRNA named COLDAIR (Heo and Sung, 2011) . Our genome analysis uncovered a number of lincRNAs specifically expressed under certain treatments. We believe our high-throughput lincRNA detection platform coupled with the availability of a large number of well-characterized Arabidopsis mutants will greatly facilitate the elucidation of regulatory functions of lincRNAs, and the ensuing results should provide mechanistic insights relevant to other eukaryotes.
METHODS Plant Materials and Stress Treatment
Plants of Arabidopsis thaliana were grown in a greenhouse under long-day conditions (22°C, 16/8 h photoperiod cycles). Flowers buds and some very young siliques were separately collected from 4-week-old wild-type (Col-0) plants. Root and leaf samples were collected from 30-d-old wildtype plants (Col-0) grown hydroponically in full-strength MGRL medium under long-day conditions (Fujiwara et al., 1992) . Seedling samples were collected from 2-week-old wild-type (Col-0), se-2, hyl1-1, cbp20-1, cbp80-285, and cbp20,80 plants grown on solid Murashige and Skoog (MS) medium under long-day conditions. For chemical treatments, 2-week-old seedlings were incubated in liquid MS medium containing 10 µM ABA (Sigma-Aldrich) or 1 µM elf18 (synthesized by the Proteomics Center, Rockefeller University) solutions at 22°C for 3 h under continuous light (Kunze et al., 2004) . Abiotic stresses were applied to 2-week-old seedlings either by drying on Whatman 3MM papers (dehydration treatment) or incubating on solid MS medium at 37°C (heat treatment) for 3 h under continuous light. After each treatment, seedlings were harvested and frozen immediately in liquid nitrogen until use. Total RNA was extracted and treated with DNase I using RNeasy plant mini kit (Qiagen).
Summary of EST, cDNA, and Reported ncRNA Data Sets TAIR9 annotation files (Swarbreck et al., 2008) were downloaded from the FTP server of TAIR (ftp://ftp.Arabidopsis.org/), and the sequences and genomic loci of 350 "other RNAs" were parsed from the gff-formatted file. The National Center for Biotechnology Information UniGene database build 73 contains 1,045,472 Arabidopsis EST or cDNA sequences. These EST sequences have been clustered by UniGene into 30,595 nonredundant gene-oriented clusters, also known as UniGene clusters. We downloaded the UniGene clusters and aligned them against the Arabidopsis genome sequence (version TAIR9) by BLAT with a cutoff of match ratio >95% (Kent, 2002) . For each sequence, we searched for its best and unique match in the genome, and 28,235 UniGene clusters were selected for further analysis. Small RNA data sets were analyzed as described previously (H. Wang et al., 2011) .
Transcriptome Analysis of Data Sets from Tiling Array Experiments
We collected 200 tiling array data sets from the GEO database (see Supplemental Data Set 5 online). Since the probe sequences of Affymetrix GeneChip Arabidopsis tiling array set (1.0F and 1.0R) were originally based on TIGR 5 (Zhang et al., 2006) , we aligned these sequences against the Arabidopsis genome (TAIR9) by BLASTn. For further analysis, we selected only probes with sequences having perfect and unique sequence matches to those of the Arabidopsis genome (TAIR9). For each tiling array data set, the sum of the median signal intensity and the standard deviation of signal intensities derived from all perfect matched probes were taken as the background signal intensity. All probes with signal intensities higher than the background signal intensity were considered to be positive. The following criteria were used to scan signal peaks (or partial transcripts) on chromosomes: (1) The peak should cover a region of at least 200-bp long; (2) the peak should be detected by at least three positive probes; (3) there should be signal detected by at least one positive probe in every 120 bp of the peak region; (4) no positive signals should be detected on either the 59 or the 39 flanking 200-nucleotide regions of the peak; and (5) P values of Mann-Whitney U test between signal intensities detected by probes corresponding to the peak region and those detected by the negative probe group should be lower than 0.001. If partial transcripts identified from at least three different tiling arrays shared an overlapping genomic locus, we merged them into a TU and the reproducibility of TU detection in 200 tiling array data sets was determined. In addition, for quality control analysis, we also defined those signal peaks and reproducibility detected by only two neighboring positive probes as false positives.
Analysis of tiling array data by Matsui et al. (2008) and Okamoto et al. (2010) identified 7719 and 6105 ncRNAs expressed in seedlings and seeds, respectively. Because the genomic loci of these ncRNAs were based on the Arabidopsis genome versions TAIR7 and TIGR5, as the first step, we parsed these genomic sequences from their loci and aligned the ncRNA sequences to TAIR9 using BLAT with a cutoff of match ratio >95% (Kent, 2002) . Only ncRNAs with the best and unique matches in TAIR9 were selected for further analysis.
We also profiled transcriptomes of plants subjected to abiotic stresses and of several mutants by reanalysis of the tiling array data sets deposited in the GEO database. CEL files of tiling array data sets in each experiment were separately normalized by the Quantile method using R (Bolstad et al., 2003) . Expression levels of lincRNAs, pri-miRNAs, and mRNAs were calculated by Tukey's Median Polish procedure (Li et al., 2008) using signal intensities derived from positive probes (n $ 3).
Transcriptome Detection by RNA-seq
We sequenced polyadenylated RNA libraries derived from flower, leaf, root, and silique samples using Illumina HiSequation 2000 with 101-cycle single-end sequencing protocol. Each sample was sequenced in a single lane. Fastaq-formatted data sets were uploaded to the GEO database under accession number GSE38612. Sequences were aligned to TAIR9 using TopHat version V1.3.0 (Trapnell et al., 2009 ). The mapped sequences of each sample were assembled by Cufflinks version 1.3.0 with TAIR9 annotation as the reference (Trapnell et al., 2012) . Fragments per kilobase of exon per million fragments mapped of assembled transcripts were calculated using Cuffcompare (Trapnell et al., 2012) .
Criteria and Five-Step Analysis for lincRNA Identification
We used the following criteria and five-step analysis to identify lincRNAs (see Supplemental Figure 16 online). (1) The genomic loci of TUs identified by reclassification of various data sets were compared with those of TAIR9 annotated genes. TUs located on the same DNA strand but overlapped with annotated genes were defined as "TUs overlapped with annotated genes," whereas TUs located on the antisense DNA strand and complementary to annotated genes were referred to as TUs encoding NATs. The remaining TUs were considered as "intergenic TUs" for further analysis. (2) By comparing genomic positions of intergenic TUs with those of TEs, we found a group of TUs that overlapped with TEs, and these were defined as RCTUs. (3) For the remaining TUs, we searched for their proximity to neighboring annotated genes. TUs with annotated genes located within their 500-bp flanking regions were classified as GATUs. (4) The other TUs were scanned for their protein-coding potential applying GenScan to predict ORFs with Arabidopsis specific parameters (Burge and Karlin, 1997) . Those that encode more than 100 amino acids were defined as TUCPs. (5) Finally, intergenic TUs encoding transcripts longer than 200 nucleotides were defined as TUs for lincRNAs, whereas those encoding shorter transcripts were considered as OITUs.
Design of ATH lincRNA v1 Array
The ATH lincRNA v1 array was an Agilent 8 3 15 formatted array with 60-mer oligonucleotides probes that were designed using Agilent Earray with the following steps. (1) We used base composition methodology to scan probe candidates complementary to target sequences. (2) We applied the Arabidopsis-specific parameters provided by Agilent Earray to select for probe candidates. (3) Probe candidates with unique locations on TAIR9 were obtained, and among these, three probes with the best position distribution on each target transcript were selected. These three steps produced a total of 15,208 probes for transcript detection. In addition, the control probes (536) provided by Agilent were included, giving an ATH lincRNA v1 array with 15,744 probes. The array design information and data were submitted to the GEO database under accession numbers GPL13750 and GPL13751.
Transcriptome Detection by Custom Array
We performed RNA labeling, hybridization, and scanning according to the protocols of Agilent. Cyanine-3 (Cy3)-labeled cRNA was prepared from 0.5 µg RNA using the One-Color Low RNA Input Linear Amplification PLUS kit (Agilent). Cy3-labeled cRNA (1.5 µg) was fragmented at 60°C for 30 min in 250 mL containing 13 Agilent fragmentation buffer and 23 Agilent blocking agent. On completion of the reaction, 250 mL of 23 Agilent hybridization buffer was added to the mixture and hybridized to ATH lincRNA v1 array for 17 h at 65°C in a rotating Agilent hybridization oven. After hybridization, microarrays were washed 1 min at room temperature with GE Wash Buffer 1 (Agilent) and 1 min with 37°C GE Wash buffer 2 (Agilent) and then dried immediately by brief centrifugation. Slides were scanned immediately after washing on an Agilent DNA microarray scanner using one color scan setting for 8 3 15k array slides Raw signals from ATH lincRNA v1 arrays scanned by Agilent Feature Extraction Software were normalized using GeneSpring by the Quantile method (Bolstad et al., 2003) . Quality control analysis was performed using default parameters of GeneSpring. The log 2 values of normalized signal intensities were analyzed using R. Differential expression patterns of transcripts were measured by eBays ANOVA using R with the limma package (Smyth, 2004) . If a transcript was significantly detected by multiple probes, we selected the probe with the lowest eBays ANOVA P value for further analysis. We uploaded the raw data and normalized signal intensities of three organs from wild-type plants and se-2 and cbp20,80 samples to the GEO database under accession numbers GSE30394 and GSE35963.
qRT-PCR
A total of 1 to 2 mg of RNA previously treated with DNase I (RNeasy plant mini kit) was reverse transcribed using SuperScript III (Invitrogen) and oligo(dT) primer. cDNA was analyzed by quantitative PCR using SYBR Green Jump-Start Taq ReadyMix (Sigma-Aldrich) and the Applied Biosystems 7900HT real-time PCR system. All qRT-PCR reactions were performed in triplicates for each cDNA sample with an annealing temperature of 60°C and a total of 40 cycles of amplification. Expression levels were quantified relative to that of the housekeeping gene ACTIN2. The comparative cycle threshold method was used to quantify relative expression levels of target transcripts. Primer sequences are presented in Supplemental Figure 17 online.
Accession Numbers
The design information of ATH lincRNA v1 array and hybridization data sets are available in the GEO database under accession numbers GPL13750, GPL13751, GSE30394, and GSE35963. RNA-seq data sets are available in the Sequence Read Archive database under accession number SRP013631 and in the GEO database under accession number GSE38612. Supplemental data sets have been uploaded to datadryad. org under accession number doi:10.5061/dryad.n40hc.
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